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Abstract
In this research, a shape display is developed which renders 3D shapes and textures by actuator arrays and projectors. Generally,
a shape display has a feature that users can interact with it by their hands directly. Textures on the surface of a shape display
are projected by a projector installed above the shape display. However, this composition casts shadows on the shape display
when a user interacts with it and users cannot interact with it correctly due to this shadow problem. In this paper, we describe the
development and validation of a shape display that avoids casting shadows by applying rear multi-projection.
c© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
The central theme of human-computer interaction (HCI) is to study interactions between human-technology and
human-computer. One area of research in HCI is tangible user interfaces (TUI), which give shape to information
for manipulating information directly [1]. Humans can recognize methods of manipulating objects by watching their
shapes and appearances in the real world. In this manner, humans possess great ability to operate real objects. Thus,
users manipulate information by their hands directly in the ﬁeld of TUI.
Ishii et al. developed a system, the IP network design workbench, to manipulate information, displayed on a table
top display, by controlling a piece on the display [2]. The beneﬁt of this system is that users can recognize how to use
the system by watching the shapes and displayed image. In addition, Ishii et al. developed a system, illuminating clay,
which recognizes the shape of clay and creates CAD data based on the shape of clay [3]. Users can create CAD data
by making a shape of clay with their hands directly in this system. However, these systems have a problem, because
these systems display information by using static objects like piece and clay. Static objects cannot represent dynamic
information. The interface which can change their shape dynamically is needed to represent dynamic information,
which is used in 2D displays. Poupyrev et al. deﬁned dynamic shape changing interface as shape displays [4].
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According to this deﬁnition, a shape display has interaction mechanisms, dynamic shape changing mechanisms and
representation of shapes.
Shape displays have been researched from various points of view. In particular, a lot of researchers studied about
shape display actuators, and they applied diﬀerent actuators in each research. Thus, creating a shape display is chal-
lenging for new researchers. However, Ishii et al. simpliﬁed development of a shape display by using commercially
available actuators in the research project, Relief [5]. Therefore, more recently, shape display can be developed easily.
One of the main research themes about shape displays is creating shapes with consideration for aﬀordance or other
interaction issues. Ishii et al. developed a system, Recomose, which allows for interaction between users and shape
displays by gesturing as well as touching directly [6]. In addition, Ishii et al. developed a shape display, inFORM,
which renders shapes based on depth data from RGB-D camera [7]. These shape displays, which are researched
recently, are composed of rods, actuators, sheets, and projectors.
The surface of a shape display is covered with elastic sheet for rendering smooth shapes. Rods are set under
the sheet to give shapes to the sheet. Actuators are connected to rods to set the position of rods. Various types of
actuators are researched to apply shape displays. These researches are based on various perspectives. A method using
commercially available actuators, Relief, has been proposed by Ishii et al. This method makes the development of
shape displays easier.
A projector is set above the sheet to map textures for rendering their appearances. The composition of shape
displays has a problem, which is that the shadows of the user’s hands fall on the surface of a shape display when a
user interacts with the display. Users cannot interact with a shape display correctly because of this problem. Espe-
cially, users cannot see textures on the surface of a shape display when several users interact with the shape display
simultaneously.
2. System Overview and Implementation
2.1. System Overview
As mentioned in Section 1, existing shape displays have a shadow problem. We have tried rear projection instead
of the projection from above the shape display to solve this problem. However, rear projection casts shadows on a
display because of internal obstacles such as actuators and rods. Thus, we have applied rear multi-projection and a
simulator of the surface of a shape display to generate the projection image. To evaluate this projection method, we
have developed an original shape display.
2.2. Shape Display
We developed a shape display to verify the proposed projection method (Figure 1). The basic composition of the
shape display is the same as in previous works. A stretch sheet covers rods, and rods connect with actuators. We
adopt the motor driven slide potentiometer, Alps RSA0N11M9A0K, to control the rods. MCUs (Micro Control Unit),
Robotis CM-900, control these actuators by using ADC (Analog Digital Computer) to get the potentiometer slider
positions and control DC motors to adjust the position of actuator’s slider via motor drivers, Toshiba TA7291P.
Actuators are set seven centimeters apart from each actuator to set projectors at the space between each actuator.
Also lengths of rods are 50cm in consideration of the distance of projection.
2.3. Proposed Projection Method
In this research, we have solved the shadow problem by rear projection. The users hands do not become obstacles
because the projector is set under the surface of display. However, because actuators and rods are in the shape display,
with rear projection, these obstacles may cast shadows. Thus, we propose a new projection method, which oﬀsets
shadows by multi-projections, which are set at diﬀerent places in a shape display. However, if we just set a multi-
projector in a shape display, this generates luminance diﬀerences on the surface. Because some parts of the display
are projected twice and other parts are projected once, it causes luminance diﬀerences. Therefore, we need a method
that does not generate luminance diﬀerences.
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Fig. 1. Shape Display
2.4. Simulator
We need to omit multiplex projection parts to avoid generating luminance diﬀerences on the display. In this
research, we approach this problem by generating pre-distorted images via a simulator to set projection images to
predetermined range. It will project textures on the display equally.
We designed the simulator as follows. First, we made the surface of the display, which has the same ratio with real
surface of the proposed shape display, by applying OpenGL and its library, GLUT. Also, the surface on the simulator
has a mechanism that can change its shapes, and is the same as the real surface. The amount of variation in the
simulated shape is in accordance with the shape display hardware. We set cameras, which have the same angle of
view with projectors, on the same positional relationship with real projectors. Then, the simulator renders an image,
which can be seen from cameras, and uses it as the projection image.
3. Demonstration Applications
3.1. Fluid Simulator
One of the features of shape displays is to make it possible to render 3D shapes dynamically. We created an
application, a ﬂuid simulator (Figure 2). This application allows users to touch a water current directly with their
hands (Figure 2(a)). In addition, users can change terrain directly and have an eﬀect on the water current (Figure
2(b)).
3.2. Geographical Terrain
The shape display features intuitive operation methods. The second demonstration application, a geographical
terrain, allows users to control it directly by their hands (Figure 3). Figure 3(a) shows scaling operation and Figure
3(b) shows rotating operation. The shape display does not cast shadows while a user interacts with it by applying our
projection method.
4. Experiment
4.1. Veriﬁcation Method
To verify our projection method, we projected images by altering the distance between the projectors and the
display plane, using the shape display which is explained at section 2.2. We compared two types of projected images
in this evaluation. One is a correct image generated by applying the proposed projection method, and the other is an
incorrect image.
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Fig. 2. Fluid simulator; (a) Direct touch operation; (b) Changing terrain shape
Fig. 3. Geographical terrain; (a) Scaling operation; (b) Rotating operation
As mentioned in section 2.2, the travel of each slider actuator is 100mm. In this section, we deﬁned the highest
position as 100% and the lowest position as 0%. We set the base position as 100% in this evaluation. We changed
heights of each slider position from 100% to 0% at 10% intervals. We projected two types of images at these 11
positions of sliders and compared the results of the two types of projected image. Generally, projection images should
be corrected when the distance between a projector and a display plane is changed. Correction-free projection images
are adjusted to the 100% position at ﬁrst, and the projection images are not changed at other positions. The equation
for this evaluation is written as,
Rc =
Xn
100n
( X | 0 ≤ X ≤ 100 ) (1)
where Rc is the covering rate of the display of the shape display by projection from projectors. Xn is the number of
projected pixels on the display of the shape display at X% position. We binarized projected images to count projected
pixels on the display (Figure 4(b)).
4.2. Result
Figure 4(a) shows covering rates at each position. These covering rates are evaluated by the Equation 1. Figure
4(b) shows examples of projected images at each position. Covering rates of our projection method are from 0.97
to 1.03. However, covering rates of the incorrect projection become lower when we altered the positions of slider
actuators. It is about 0.68 at the 0% position.
5. Discussion and Future Work
The proposed shape display allows users to operate 3D information. Users are able to control relatively complex
contents like CAD as well as abstract contents by using proposed projection method.
To render more detailed information, the resolution of the shape display should be increased. However, it is diﬃcult
to increase the density of actuators and rods by applying this composition because projectors should be set between
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Fig. 4. (a) Covering rate; (b) Projected results and binalized images of projected results
actuators. One of the resolutions is that projectors are set on the outside of a shape display and project images while
avoiding internal obstacles, actuators, and bars by using mirrors or optical ﬁbers.
6. Conclusion
In this research, we solved the shadow problem of existing shape displays by applying rear multi-projection and
real-time rendering of projection images. To verify the proposed projection method and the shape display, experiments
were performed. To evaluate covering rates of a projected display, we evaluated the proposed projection method and
we conﬁrmed that the proposed projection method can project with correct projection images conforming with the
surface shape of the shape display.
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